Without flavor physics, we would not have the standard model of elementary particles today. The goal of flavor physics is to get at the most fundamental theory of nature. This is done by looking for phenomena which can not be explained by the standard model. To do this, we need to study flavor physics from every angle possible. In support of this, we review how flavor physics has contributed to our understanding of nature over the past 60 years.
Introduction: The Discovery of the New Field
In 1940's and 50's, particles with very strange behavior have been found, for example, K meson, Ã 0 , AE AE , and Ä À baryons. When they are produced in collisions:
their production rates are as large as those of typical strong interaction. But when they decay, for example, as in:
their decay rates are too slow compared to a typical strong decay like N Ã ! P þ . These considerations lead GellMann, 1) Nakano and Nishijima 2) to postulate that these particles possess an internal quantum number which they called strangeness. Strangeness assignments are: 0 for proton, neutron, and meson, À1 for Ã, AE 0 , AE AE , and K À , þ1 for K þ , À2 for Ä À , etc. The strangeness is conserved in strong and electromagnetic interactions. The interactions shown in eq. (1) contain particles with opposite strangeness so that the final states as a whole are zero strangeness states -thus these production processes conserve strangeness and they get produced through strong interaction.
Particles with strangeness cannot decay to the final state with 0 strangeness through strong and electromagnetic interactions. Thus they decay through weak interaction, and they have relatively long life time. For example, particles decaying through strong interaction may have typical lifetime of order 10 À23 s, while those decaying through weak interaction have typical life time of order 10 À10 -10 À15 s. Flavor physics is a systematic study of particles with these new quantum numbers. These particles can live for long time, and they have time to expose interesting phenomena. Thus the purpose of this study is to search for yet unprobed physics hidden behind flavor changing weak decays, and to learn the fundamental laws which govern interactions of matter.
This discovery of hadrons with the internal quantum number ''strangeness'' marks the beginning of a most exciting epoch in particle physics that even now, sixty years later, has not yet found its conclusion. 3) 2. First Suggestion of Parity Violation: The -Puzzle Flavor physics immediately lead to something which was quite unexpected! Two very strange decays have been found for charged strange mesons, namely:
The problem arose when ever more precise measurements failed to find any significant difference in either the mass or the lifetime of the and mesons. This constituted the -puzzle: how could nature assign the same mass to two distinct particles? Or even more baffling: how could nature contrive to generate the same lifetime to two distinct particles, the major decay channels of which possess totally different phase space? To explain it further, let us review the parity symmetry. Parity transformation is almost like transforming the world to its mirror image. If ðr 1 ; r 2 ; . . .Þ denote the coordinates of everything in this world, the parity symmetry P inverts the sign of all the coordinates: ðÀr 1 ; Àr 2 ; . . .Þ.
The þ was found to be a spinless state, and therefore, the 2 final state is in a positive parity state. (2 in a S wave state is symmetric under the interchange of these particles.) The angular distributions of the three pions from the þ decay revealed the final state to carry zero total angular momentum as well, but with negative parity! It was assumed that parity, like angular momentum, was conserved by the relevant forces. The parity of the initial state then coincides with that of the final state. With and exhibiting different parity, they had to be distinct objects and thus indeed deserved different names.
It is difficult it to give up what we are use to. This puzzle could be understood trivially if parity were not absolutely conserved. For then and could represent merely two decay modes of the same particle. Parity conservation had been tested extensively in strong and electromagnetic transitions. Yet the breakthrough came when Lee and Yang pointed out in 1956 4) that this symmetry had not been probed yet in weak transitions.
This was how new important feature of weak interaction, the parity violation, was revealed through flavor physics. But this was only a beginning! SPECIAL TOPICS
Flavor Physics in Terms of Quarks
Today, we know that we can describe all hadrons in terms of the quark model. 5) There are six quarks and six leptons as listed in Table I . The strange particles are those particles whose constituents include a quark which carries strangeness À1, namely the stange quark s. For example, particles we mentioned in the introduction have quark assignments:
(Here "denotes the antiparticle of quark q.) By studying decays of nuclei, neutron and muon, it was found that weak interaction proceeds through ðV À AÞ Â ðV À AÞ four-fermi interaction:
where
and À ¼ ð1 À 5 Þ=2. (In the definition of the current J , q denotes the quark field operator, and "denotes q y 0 .) Matrix elements which cause beta decays are, for example:
! e " e : he " e j ð" À Þð " e e À e Þ j i;
The Lagrangian given in eq. (4) does not allow starange particles to decay. The strangeness changing interaction was introduced in eq. (4) in an ingenious way by Gell-Mann and Levy, 6) which was verified by Cabibbo. 7) The idea was to replace d which appears in " d d À u by a rotated state: The current can now be written as
Here J
s s À u is a strangeness changing current. Strangeness changing K decays are, for example:
The weak interaction Lagrangian given in eq. (4) violates P maximally, as the current consists of both vector and axial vector components ðV À AÞ. It can shown that the charge conjugation symmetry, which transforms a particle state to the corresponding antiparticle state C is also violated in such a way that the combined symmetry CP is conserved.
The Standard Model
This theory of weak interaction, which we have been discussing, involves local four-fermi interaction, and it is unrenormalizable. We can imagine that the fourfermi interaction is generated by an exchange of a heavy charged spin 1 boson. But a field theory which contains massive spin one charged boson is known to be also unrenormalizable. The break-through came when Weinberg 8) wrote both weak and electromagnetic interaction in terms of SUð2Þ Â Uð1Þ gauge theory. The Lagrangian of this theory contains no mass terms for the gauge bosons. Their masses are generated when the neutral Higg's boson breaks the gauge symmetry spontaneously. In this process gauge bosons become massive. This dynamics also generates all quark masses. Since field theory with massless spin one particles is renormalizable, this theory could have a chance of being renornmalizable and contain massive spin one bosons at the same time. Indeed, this has been shown to be the case.
Notice that in Table I , there is a family of leptons associated with each family of quarks. In this gauge theory, we need to consider leptons and quarks together in the family structure, otherwise infinities from anomalies arise. So, flavor theory predicts one-to-one correspondence between quarks and leptons.
Because all experimental facts are consistent with this theory, it is called the standard model (SM) . No matter how difficult it is to find deviation from this theory, we know that it is not the most fundamental theory. There must be a theory to which the SM is the low energy effective theory. This is because we expect the ultimate theory to give answers to all fundamental questions. Some of the questions are as follows. Why are there three generations? Why m t =m e $ 3 Â 10 5 ? Why neutrinos are almost massless? Why do quarks have the observed mass structure, for example, m u ¼ 5 MeV and m t ¼ 178 GeV?
Flavor physics tries to find answers to these questions by searching for deviations from the SM which will eventually lead us to the more fundamental theory. states. Therefore we can imagine an interaction
If they can turn into each other through weak interaction, they are not eigenstates of the Hamiltonian.
There are many decay channels for the K meson and the Hamiltonian is an infinite dimensional matrix. Diagonalizing it is almost impossible. However, Weisskopf-Wigner approximation 9) comes to our rescue. Let us assume that we have an initial state, which is made out of some linear combination of only K 0 and " K K 0 . 
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Éð0Þ ¼ að0ÞjK
This state will evolve into some admixture of K 0 , " K K 0 , and other hadrons as time goes by. If we are interested only in K 0 and " K K 0 components at some later time, define
The result of Weisskopf-Wigner approximation states that, at some time t which is large compared to the strong interaction time scale, ÉðtÞ obays the following Schrödinger equation:
with
Let us first show that CP symmetry implies hK
Then inserting these unit operators:
where we have used
and the statement of CP conservation: ½H; CP ¼ 0.
Let us now show that Á is complex and thus H is not hermitian. Note that Á contains an absorptive part. That is, for example, Á gets contribution from the intermediate state
This contribution is complex due to the scattering of þ À intermediate state. It can be shown that Á þ À ¼ e 2i 0 jÁ þ À j, where 0 is the isospin 0, S wave phase shift. So, H is not hermitian and it leads to the decay of the initial state Éð0Þ.
As mentioned above, a typical transition which contributes to Á is K 0 ! ! " K K 0 and it is second order in weak interaction. Therefore, Á is truly infinitesimal compared to the diagonal component which is of order M K . Nevertheless it dictates the eigenstates to be
as long as jÁj ) jhK
Therefore K 1 has the same CP quantum number and it can decay to 2, i.e.,
The leading nonleptonic channel for K 2 is then
The phase space for eq. (18) 
where ÁM ¼ M 2 À M 1 , and ÁÀ ¼ À 2 À À 1 , and likewise for j " K K 0 ðtÞi. From this expression for the time dependent admixtures, we can compute the probability of finding a K 0 and " K K 0 in an initially pure K 0 beam. We have shown these probabilities in Fig. 1 . Fig. 1 . The probability of finding K 0 in an initial K 0 beam as a function of time, and the probability of finding " K K 0 in the same beam.
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Clearly what is shown here is an interference phenomenon. As it appears in many places in physics, we can make very precise measurements by making use of interference effects. Here it is not an exception. The mass difference between K L and K S states is measured to be:
This is one of the smallest mass differences ever measured by man.
7. K L Was Caught Violating CP Symmetry K L lives 600 times longer than K S . Indeed, Cronin, Fitch, and collaborators caught K L in the act of CP violation. 11) Their apparatus is shown in Fig. 2 . K 0 and " K K 0 mesons are produced in a target 57 feet in front of the spectrometer. Over that distance the K S component has decayed away and a pure K L beam remains. To their astonishment, they have found the decay K L ! 2 -they have reported the result:
which is completely consistent with what is known today. The observations can be summarized by saying that the quantum mechanical K L state contains a small admixture of a CP even component in addition to its dominant CP odd part:
If there is a CP violating interaction in the Hamiltonian H, the matrix element of K L ! can be written as
where we have assumed that " 2 is small and set the normalization factor to be 1. The first term is called indirect CP violation and it is caused by the deviation from CP symmetry requirement hK 
Since the discovery of CP violation in K decay, many experimentalists have searched for the possible presence of the second term in eq. (25) . It will cause þÀ 6 ¼ 00 . The term commonly used by physicists in this field is
The first measurement for this quantity was made ny the NA31 collaboration 12) 29 years after the measurement of þÀ . Recent values obtained by NA48 13) and KTeV 14) collaborations averaged by PDG 10) is
Symmetries Gone Away Side
So, the parity symmetry was the first to go. Now CP symmetry is gone. Through detailed studies of K meson decays, experiments have shown that the rate for
is different from the rate for "
Thus T symmetry violation is also established.
15)
A T ðtÞ ¼ Àð "
Thus we have ended up with a curious situation. The sacred symmetries of classical mechanics: parity and time reversal, Fig. 2 . A schematic drawing of an apparatus used by Cronin, Fitch, and collaborators. K 0 and " K K 0 are created on the internal target. They travel through the collimator so that only the ones traveling parallel to the axis of the apparatus are accepted. Also, most of the K S component has decayed away and we have almost a pure K L beam. Two detectors which consist of magnets and spark chambers measure three-momenta of the two body decay product
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I. SANDA as well as particle antiparticle symmetry which is seen to be preserved in strong and electromagnetic interaction are violated in weak interaction.
In looking for physics beyond the SM, we should always keep in mind that the ultimate symmetry which is valid in any field theory which satisfies locality, CPT symmetry may be violated at some level. So far, CPLEAR result is: 15) A CPT ðtÞ ¼ Àð "
9. Rare Decays of K L
In the previous section, we have considered charged currents in the form of " d d 0 À u. While the charged currents were necessary to describe decays, there is no reason why neutral current should not play a role. In fact in the standard model, neutral current which couples to the Z 0 boson naturally exists. So, let us consider a neutral current of the form "
0 is the weak eigenstate. This leads to a current-current interaction of the form
Now let us look at the data. The first two decay modes shown in Table II are typical strangeness changing weak decays. But, look at the last decay, eq. (31) causes a transition
and this decay should have a branching ratio of Oð1%Þ in stead of 10 À9 . Why is it so suppressed? It implies that the neutral current interaction of the form eq. (31) can not exist.
This puzzle has an elegant solution proposed by Glashow, Illiopolous and Maiani. 16) They assumed that there was a new quark named charm. Just as ðu; d 0 Þ contributed in weak interactions, ðc; s 0 Þ with s 0 ¼ Àd sin c þ s cos c , which corresponds to the orthogonal state to d 0 , also should contribute. The neutral component of the hadronic current now looks like:
The unwanted strangeness changing neutral current has been canceled out. A simple way to see this is to say that
where we have used the fact that V L is unitary. So, by insisting on the absence of neutral strangeness changing current, again, flavor physics managed to predict the existence of a new quark, charm. This is the power of flavor phyiscs. But it is not over yet!
KM Mechanism
The fact that CP violation must be due to the presence of a phase in the Hamiltonian can be easily seen as follows. Write the Hamiltonian as
where h is some operator which causes a transition, and c is a complex coefficient. Note that the second term must be present due to the hermiticity of the Hamiltonian H. It can be shown that if h describes interaction of particles, h y describes interaction of antiparticles, and
So, H in invariant under the CP transformation ð½H; CP ¼ 0Þ if and only if c is real.
Since its experimental discovery, many theoretical ideas have been put forward to explain CP violation. Among them, multi-Higgs models, superweak theory, etc. The simplest version of the multi-Higgs model predicted 0 = % 0:05 17) which is excluded by experiments. Superweak model predicted 0 = ¼ 0, which is again excluded by experiments. The Kobayashi-Maskawa (KM) ansatz escaped scrutiny by these measurements. In fact its prediction of 0 = is consistent with experiment, although theoretical prediction is plagued with uncertainties coming from the fact that we are unable to reliably compute strong interaction effects. In this section we describe the KM ansatz. 18) We stated that CP violation originates from the phase in the interaction Lagrangian. Could CP violating phase appear naturally in the SM? The answer is yes! Let us examine how quarks couple to W bosons, and how quark masses arise. The Higg's boson interacts with quarks through Yukawa interaction: 
Since the Yukawa couplings are quite arbitrary, so are the mass matrices, and in general they will contain complex elements.
To describe CP violation, there must be complex phases in the Hamiltonian. So, can the phases in these mass matrices be the origin of CP violation? 
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To, investigate this, let us diagonalize the mass matrix: 
Now we write the Lagrangian in terms of particles that participate in interactions, i.e., mass eigenstates of quarks. Then the Lagrangian becomes
There are plenty of phases in V V L u V Ly d , which we call the KM matrix. Do they cause CP violating interaction? The problem is, as stated before, that experiments can only count number of particles. In quantities that can be measured, most of the phase information is lost. In particular, the phase of external states are not observable. So, we can adjust them to make the constants which appear in the Lagrangian real. Make the following transformation which does not change result of any experiment.
where diagða; b; cÞ denotes a diagonal matrix with diagonal elements a; b; c. Of course, the phases of the right handed quarks should be adjusted accordingly so that the masses remain real. Can we tune quark phases to make all the elements of V real? Note that the number of parameters in V rises quadratically and the number of adjustable phases increases linearly with number of generations. For two generations, there are enough phases we can adjust to make V real. But, for 3 generations, there are not enough free phases to make all V ij real. For a system of three generation of quarks, there will be one unremovable phase. This phase may appear in physical observables.
The existence of CP violation is a natural consequence of fact that: (1) Yukawa couplings are in general complex, and that (2) there exist three generations of quarks which mix through weak interaction to all other quarks of the same charge. For three generations, there is one phase and three mixing angles in the KM matrix. All we have to do is to figure out how to measure it.
Why is K Meson CP Violation Small?
We have argued in the previous section that if there exist only two generations, there is no CP violation within the context of the KM ansatz. This means that for CP violating K meson decays, the third generation must play a crucial role. We know from quantum mechanics, the second order perturbative transition
can occur, if there is a coupling K 0 ! t " t t, and t "
Remember that, in the second order purtabation theory, the intermediate state may have a different energy compared to the initial and final state energy. Indeed for K meson system, t " t t state is the major contribution to the phase necessary for the CP violating decay K L ! þ À . We thus understand why CP violation is small in K decays. The mass of the K meson is only 500 MeV while the intermediate state of t " t t is 350 GeV. The amplitude is highly suppressed due to the fact that it is proportional to the inverse of the energy difference between initial and the intermediate state.
How Do We Extract Phases by Counting Number of
Particles?
In physics experiments, we shoot in particles and they scatter, then we just count number of final state particles. In other words, output of experiments are just integers. We have seen that CP violation effects are controlled by phases of amplitudes. How could information about phases be obtained from integers?
Measuring intensities of light passing through two slits, Young's double slit experiment allows us to measure phase difference of two waves passing through these slits. Intensities is proportional to the number of photons hitting the screen, i.e., integers. Now, consider a decay in which there are two different decay paths. Experimenters can not tell which decay path has been taken, as long as they measure just the final state decay products. Having two different decay paths is anologous to having two different slits. The amplitudes for these two decay paths will interfere. Let us assume that the B 0 -" B B 0 mixing is big enough so that their effect can be seen. Then there are two paths for a B 0 meson to decay to f , as shown in Fig. 3 . Since we can not tell which path a particular decay took, we have to coherently add two amplitudes. These two amplitudes interfere with each other when we square the total amplitude to obtain the probabilities for the B 0 ! f and " B B ! f decays. For a specific decay mode f ¼ K S , we obtain: 19, 20) Àð " B BðtÞ
There is a nice way to summarize CP violation parameters. Note that the CKM matrix is a unitary matrix. So, we have 
If we represent these three complex numbers as vectors on a complex plane, the unitarity relation is represented by a triangle shown in Fig. 4 . One of the angles 1 is given in terms of the asymmetry given in eq. (45):
Also it can be shown that 2 is obtained from the CP asymmetry in the B ! channel, and 3 can also be obtained, for example, from the asymmetry in B ! KD channel. Three quantities: like three sides of the triangle; two angles and one side; two sides and one angle; fix the triangle uniquely, and there are six experimentally measurable quantities: 3 angles and 3 sides of the triangle. The KM theory can therefore be tested by performing three consistency checks.
To arrive at our result eq. (45), we assumed that: (1) B meson exists; (2) there exists B 0 -" B B 0 transition; (3) the B meson life time is long enough so that the time dependence of the asymmetry can be seen; (4) the phase of the KM matrix elements must be sizable for the asymmetry to be observed. With all these ''if's'', there is no wonder that nobody paid much attention to this prediction for about 7 years.
Discovery of Beauty that Mixes
When Kobayashi and Maskawa proposed the KM ansatz for CP violation, only two families where known to exist. But, as we have seen in §10, with only two families, all phases which appear in the mass matrix due to Yukawa interactions of Higgs' boson can be removed by redefining the invisible quark phases. Their bold prediction was that the third family must exist.
Theorists predicted the existence of charm to complete the second family, and J= which is a bound state of charm quark and anti-charm quark was discovered in 1976. Theorists once again predicted the existence of the third family in order to explain CP violation. Sure enough the isodoublet of mesons ðB þ ; B 0 Þ, which are bound states " b b quark and ðu; dÞ, have been found in 1981.
21)
It was the MAC collaboration 22) working at the PEP ring of SLAC that found the first evidence for a long beauty life time. The discovery was quickly followed by MARKII collaboration, also at PEPII. 23) They have observed that B decay products came not from where B 0 and " B B 0 where produced, but from some distance away. It showed that B mesons traveled some observable distance before it decayed, i.e., their life times were long enough to leave a gap. To me, this was the crucial discovery which lead to many successes at the B factories 20 years later. Then came another crucial discovery, B 0 -" B B 0 mixing. Let us take a brief trip into a memory lane. After the discovery of the B mesons, we knew that the second member of the third family had to exist. It took more than a decade of search, but sure enough, the top quark was discovered in 1995. For a long time there was a rumor that the top quark was about to be found, and its mass was at about 50 GeV. This value is huge for those who thought that B meson mass of 5 GeV was extraordinary. Theoretical calculation showed that the probability for observing mixing is proportional to ðm t =m W Þ 4 , and we thought it was too small to be observed if m t ¼ 50 GeV. If we put the correct value of m t $ 174 GeV into our old computations, it is exactly what had been observed. If we had been bold enough, we could have predicted B 0 -" B B 0 mixing before its discovery. In spite of the fact that theorists lacked courage to bring out such a bold prediction, the ARGUS collaboration 24) announced that they have seen it! The role has been reversed. Having seen B 0 -" B B 0 mixing, we knew that the top quark should be found around m t $ 170 GeV. This again illustrates the power of flavor physics as long as those who work in it are courageous enough.
So, everything that was assumed in predicting the CP asymmetry in B ! J= K S have been verified by experiments. The next step in understanding the CP violating phenomena is to experimentally check this prediction.
14. How Do We Actually Measure CP Violation?
First, we have to have beams of B 0 's and " B B 0 's. The problem is that B 0 's live only for about 1.5 ps. This is so short that even light travels only 0.45 mm during this time. Before B's decay, we have to check if we are looking at a B 0 decay or " B B 0 decay, identify the decay product, and measure the time when it decayed. The way to produce B's is to pair produce it:
To identify B 0 and " B B 0 , we take advantage of the fact that leptonic decay of
, leptonic decay of B 0 always contains þ and that of " B B 0 always contains À .
Now, note that pair production eq. (48) always produce B 0 " B B 0 pair in the relative angular momentum 1 state, i.e., the wave function is antisymmetric in the interchange of B 0 $ " B B 0 . So, if we identify, for example, the leptonic B decay which contains þ at time t, then we know that, at that time t, the other member of the pair production was a " B B 0 . This way we managed to produce the " B B 0 beam. The Çð4SÞ is most suited for studying CP violation in B decays. At the top of the resonance, the signal to noise ratio for B " B B production is increased by 1 : 2:5.
We have estimated, back in 1981, that the asymmetry shown in eq. (45) 
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Note that this is a huge asymmetry compared to $ 2 Â 10 À3 . Based on this value we estimated that we needed 100 million B 0 -" B B 0 pairs to be produced in one year if we were to discover large CP violation during that time. This meant that we have to have a e þ À e À collider with the luminosity of 10 34 cm À2 s À1 . This luminosity was 1000 times more than that of the existing state of the art machine, CESR. Not only that, the machine had to collide electrons at 9 GeV and positron at 3 GeV -it had to be an asymmetric machine. This was to boost Çð4SÞ so that B-" B B pair is moving fast enough to leave a track of about 200 mm before it decayed.
Recent Results
Both KEK and SLAC have accepted this challenge in building the B factory. Sure enough they have both reached the design goal in a reasonable time period, and the CP asymmetry was discovered simultaneously at both laboratories in the year 2000. The latest number is: 25) 
This is large compared to the lower limit we used, 15%.
Since there is only one phase in the KM matrix, all measurements associated with CP violation can be represented by a point on the complex -plane, where , and are real, and imaginary part of the complex number
respectively. For example, experimental measurement of jV ub =V cb j gives a region which is a circle, with the center at the origin of the -plane. B 0 -" B B 0 mass mixing gives a region which is also a circle centered at ð1; 0Þ on theplane. The measurement of 1 defines a unitarity triangle where the base of the triangle is 1. This is because all three sides of the triangle is divided by jV cb j. The most recent published result which summarizes various experimental results is shown in Fig. 5 . 26) In addition to this result, there are many more interesting results are listed in the above mentioned reference.
Future
B physics is still in a very early stage. Remember K physics has been an active area of research for already 60 years. This implies that B physics, if it started in 1981 with its discovery, should continue to yield interesting results at least until 2046. The reason why B factories have been such a success is that the luminosity was set at 10 34 cm À2 s
À1
which is 10 times more than we needed to measure the asymmetry. Thus it is yielding much more interesting results than just the value of CP violation in B ! K S , sinð2 1 Þ. This should be a lesson for future accelerators. The luminosity should be much as we can possibly obtain.
Physics of high enery scale should affect the way B decays through quantum corrections. Such new physics effects should be small but it may be the only way to get at the new physics if its scale is beyond the existing accelerators.
